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conditions	as	a	result	of	being	saturated	during	the	growing	season	(Natural	Resources	Conservation	Service	2019a).	Soil	polygons	were	selected	if	they	met	the	following	criteria:	1. The	polygon	was	listed	as	a	hydric	soil	and	was	described	as	frequently	ponded.	According	to	the	National	Technical	Committee	for	Hydric	Soils,	this	is	a	closed	depression	that	contains	water	and	has	more	than	a	50	percent	chance	of	occurring	in	any	given	year	under	normal	weather	conditions	(Natural	Resources	Conservation	Service	2019a).		2. Standing	water,	drainage	features,	or	wetland-type	vegetation	were	observed	on	the	aerial	imagery	within	the	polygon.		3. The	soils	represented	by	the	polygon	covered	small	parts	of	the	raster	where	additional	water-table	elevation	control	was	necessary.	This	included	areas	where	the	water-table	surface	lay	above	the	DEM.			Features	were	also	created	with	the	DEM	and	the	aerial	imagery.	Polygons	were	constructed	in	areas	where	standing	water	was	observed	in	the	aerial	imagery	and	streamlines	where	dendritic	drainage	features	could	be	discerned.	In	areas	where	there	was	dense	vegetation,	a	color	ramp	was	assigned	to	the	DEM	to	enhance	areas	with	drainage	features	or	low-lying	depressions	for	easier	identification.	These	features	were	then	either	represented	by	a	line	or	a	polygon	feature	and	added	to	the	existing	dataset.		Interpolating	the	water-table	surface	was	an	iterative	process.	In	some	areas,	especially	those	with	steep	topography,	initial	interpolation	created	areas	where	the	modeled	water-table	rose	to	unreasonably	high	levels	above	the	ground	surface	(Figure	5).	These	were	corrected	by	adding	additional	control	points	represented	by	lines	and	polygons	where	the	
 
 
































𝑄 = −𝐾𝐴ℎ' − ℎ(𝐿 	Q=	discharge	(length3/time),	K=	hydraulic	conductivity	(length/time),	A	=area	(length2),	h=	hydraulic	head	(length),	and	L=	the	flow	length	(length)	(Fetter	2000)		The	interpolated	water-table	surface	can	be	used	to	create	a	recharge-discharge	map	with	GIS	tools	(Appendix	IV).	This	procedure	gives	a	groundwater	volume	balance	residual	raster	in	which	the	residuals	are	the	differences	between	inflow	and	outflow	of	the	cells	(Figure	7).	The	flow	balance	of	the	cell	must	be	accommodated	by	either	surface	water	inflow	or	outflow	to	comply	with	the	conservation	of	mass	(ArcGIS	for	Desktop	2019).	For	example,	a	negative	residual	indicates	that	recharge	from	surface	water	exceeds	discharge	out	of	the	cell	while	a	positive	residual	indicates	that	discharge	from	the	cell	exceeds	recharge	from	surface	water.	In	two	dimensions,	the	residual	for	each	cell	in	the	raster	is	computed	with	the	following	formula:		
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𝑅+,- = 𝑄( − 𝑄' + 𝑄/−𝑄0	Rvol=	the	residual	(length3/time),	Q=the	discharge	through	each	respective	cell	wall	(length3/time)	(ArcGIS	for	Desktop	2019)	
Figure	7:	Example	of	groundwater	recharge	and	discharge	cells	in	the	volume	balance	residual	raster.	The	bold	arrow	represents	a	higher	magnitude	of	flow.		 Groundwater	flow	in	the	Itasca	Moraine	was	assumed	to	be	unconfined.	This	is	because	of	the	thick,	relatively	coarse	surficial	glacial	deposits	(Wright	1993)	and	the	variety	of	lakes	and	wetlands	which	are	assumed	to	be	expressions	of	the	water-table,	or	the	unconfined	aquifer.	Therefore,	hydraulic	heads	were	squared	to	account	for	unconfined	conditions.	This	was	necessary	because,	under	unconfined	conditions,	saturated	thickness	and	hydraulic	head	depend	on	one	another.	Squaring	the	hydraulic	heads	linearizes	this	dependency	by	invoking	the	Dupuit	approximation	(Dupuit	1857;	Fetter	2000).	This	allows	the	calculation	of	specific	discharge	from	hydraulic	conductivity	and	the	hydraulic	gradient	using	squared	hydraulic	head	values.		
𝑞2𝐿 = −𝐾2 4ℎ''	 − 	ℎ('𝐿 6	q’L=	flow	per	unit	width	(length2/time),	K	=	hydraulic	conductivity	(length/time),		h2	=	squared	hydraulic	head	values	(length),	and	L	=	flow	length	(length)		
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permanently	flooded,	G-intermittently	exposed,	and	H-permanently	flooded),	location	within	the	watershed,	and	accessibility.	Only	lakes	and	wetlands	with	codes	selected	for	the	water-table	raster	were	sampled	and	effort	was	made	to	select	an	adequate	distribution	of	lakes	and	wetlands	across	the	study	area.	A	kayak	was	used	so	that	measurements	could	be	taken	in	a	variety	of	locations	in	each	waterbody.	Measurements	were	taken	at	5-10	locations	in	each	waterbody	depending	on	its	size.		This	included	at	least	one	measurement	in	the	center	and	in	each	quadrant	(Figure	9).		The	following	steps	were	taken	when	conducting	field	measurements:		1. The	instrument	probe	was	rinsed	with	deionized	water.		2. The	instrument	probe	was	placed	approximately	10	cm	below	the	surface	of	the	water	for	each	measurement	of	pH	and	specific	conductance.		3. Algae	and	floating	vegetation	were	avoided	when	taking	measurements.		4. The	instrument	probe	was	swirled	in	the	water	and	readings	were	recorded	after	approximately	60	seconds	once	the	values	had	stabilized.		5. The	coordinates	were	recorded	for	each	location	with	a	GPS	unit	(Garmin	eTrex	30x).	6. At	least	one	measurement	was	taken	near	the	center	of	the	waterbody	and	additional	measurements	were	taken	in	each	quadrant.		7. Care	was	taken	to	ensure	that	bottom	sediments	were	not	disturbed	when	taking	measurements.		8. The	probe	was	rinsed	with	deionized	water	prior	to	sampling	the	next	waterbody.		
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				Table	3.	Regression	statistics	computed	from	the	watershed	area	ratio	and	pH	measurements.	
	Figure	20.	Graph	of	the	watershed	area	ratio	and	specific	conductance	measurements	for	sampled	lakes	and	wetlands.					Table	4.	Regression	statistics	computed	from	the	watershed	area	ratio	and	specific	conductance	measurements.	
Parameter	 pH	R	Square	 0.02	p-value	 0.564		
Parameter	 Specific	Conductance	R	Square	 0.07	p-value	 0.279		
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Discharge	 Min	 Max	 Mean	Nicolet	Creek	 0.03	 0.18	 0.09	Chambers	Creek	 0.03	 1.03	 0.29	Total	 0.07	 1.21	 0.38	
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Appendix	II:		
Groundwater	Flow	Path	GIS	Methods	All	of	the	following	described	datasets	were	analyzed	using	the	NAD	1983	UTM	Zone	15N	projection.	The	following	general	steps	were	taken	in	ArcGIS	to	model	the	groundwater	flow	path	lines:	1. The	Fill	tool	was	used	to	fill	depressions	in	the	water-table	surface	raster.		2. Snap	to	Raster	and	Extent	were	set	to	the	water-table	surface	in	Environment	
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Appendix	III:		
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Appendix	V:		
Recharge-Discharge	Map	Sensitivity	GIS	Methods	All	of	the	following	described	datasets	were	analyzed	using	the	NAD	1983	UTM	Zone	15N	projection.	The	following	general	steps	were	taken	in	ArcGIS	for	the	sensitivity	analysis:		1. The	Topo2Raster	tool	was	rerun	and	the	output	cell	size	was	changed	to	the	desired	size	(10,	20,	40,	or	50	meters).	2. If	the	sensitivity	analysis	was	focused	on	the	results	of	a	filled	water-table	raster	(not	raw),	the	Fill	tool	was	used.	3. The	input	rasters	needed	for	the	Darcy	Flow	tool	were	recreated	using	the	water-table	surface	raster	with	the	updated	cell	size.		4. The	hydraulic	conductivity	(Ksat)	raster	was	recreated	with	an	updated	corresponding	output	cell	size.	This	was	achieved	using	the	Polygon	to	Raster	tool.	5. The	Darcy	Flow	tool	was	rerun	using	the	updated	rasters.	6. The	resulting	groundwater	volume	balance	residual	raster	was	clipped	to	the	study	area	using	the	Clip	tool	and	the	Elk	Lake	and	Nicolet	Creek	groundwatershed	polygon.	7. The	Raster	Calculator	tool	was	used	to	create	a	raster	that	served	as	a	zone	to	calculate	statistics	using	the	Raster	Calculator	tool.	This	resulted	in	a	raster	with	values	of	zero	that	was	the	same	size	and	shape	as	the	groundwater	volume	balance	residual	raster.	8. The	Zonal	Statistics	as	Table	tool	was	used	to	calculate	the	sum	of	the	recharge	and	discharge.	The	raster	created	in	the	previous	step	was	used	as	the	Input	Zone	and	the	groundwater	volume	balance	residual	raster	was	used	as	the	Input	Value	Raster.		
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